Abstract
Introduction
For thousands of years, paper has been used as a storage medium for recording information. Stone has also been used for the same purpose. About one hundred years ago, the people of the Sanriku Region in the Tohoku Area in Japan attempted to transmit tsunami teachings to posterity by carving warnings such as "Do not build houses below here" on stone monuments. We generate and record much information in our everyday life. Individuals might preserve personal photographs for a significant amount time. Similarly, companies or organizations might preserve documents for the legal duration established for the retention of said documents, or they might preserve documents managed by some internal rule for a significant time period. Furthermore, the role of libraries or national archives is to preserve historical documents. Thus, the need for long-term storage exists in various scenarios.
In the past six or seven decades, media such as paper and stone have been replaced with digital media as information technology has progressed. However, longterm digital storage has proven to be a problem because of frequent innovation in information technology. For example, 8-inch floppy disks were previously used as storage medium, but the floppy disk drives in which to play back these floppy disks do not exist currently; therefore, we can no longer refer to data that were stored in floppy disks. If we look back at the history of storage media, there are punch cards; paper tapes; magnetic tapes; 8-inch, 5-inch, and 3.5-inch floppy disks; magneto-optical (MO) discs; compact discs (CDs); digital versatile/video discs (DVDs); universal serial bus (USB) memory; etc. These storage media still exist, although some have become completely obsolete, and some are on the verge of becoming obsolete. In addition to hardware becoming obsolete, we must also notice the software problem that the information stored in these media can only be accessed when all specifications (for example, driver software, operating systems (OS), fonts, applications, etc.) are compatible. These are greatly different problems than the ones found with analog media.
Media such as paper and stone have a history that dates thousands of years, whereas digital media have a history that dates at most sixty to seventy years. Therefore, digital media seldom have track records of long-term storage, and now we lose precious information unintentionally in the midst of information technology innovation with the progress of time, though our intention is to preserve this information.
The Academy of Motion Picture Arts and Sciences (AMPAS) in the United States has compiled a report titled "The Digital Dilemma" [1] , which considers the problem of digital storage media that have become obsolete, thus making it extremely difficult to store and access digital data. Digital information has a variety of benefits, but it is generally said that long-term digital storage is more expensive than analog storage, and the risk of information loss becomes high. We describe this in Chapter 2. Recently, the National Diet Library and the National Archives of Japan investigated the Digital Dilemma. Currently, workers on site have stated their argument and have investigated a solution, but researchers have not studied the Digital Dilemma quantitatively from an economic and product innovation point of view. We studied the Digital Dilemma from an economic, practical, and imminent point of view, and propose an efficient method for preserving digital information for a significant amount of time under the ever-advancing condition of information technology innovation. This paper focuses on storage media, and proposes an efficient, timed switch from an old medium to a new medium based on the lifecycle of the medium and using statistical data from floppy disks, optical discs, and flash memory.
The Digital Dilemma
AMPAS compiled a report titled "The Digital Dilemma" [1] . The Digital Dilemma is defined as the storage problem where digital storage is more expensive and inefficient than analog storage. If motion pictures are preserved in hard disk drives (HDDs) or other storage media as digital data for a significant amount of time, the digital method becomes more expensive and uncertain over time than analog methods such as a film, based on the assumption of the same resolution of the film into the future. The AMPAS report proposes that the total annual operating cost per terabyte for magnetic hard disk storage is USD $1,500. According to a study by the San Diego Supercomputer Center (SDSC), the cost for archival tape storage is USD $500, which is three times less expensive than magnetic hard disk storage. The SDSC study also states that digital storage is more expensive than analog storage when considering maintenance/system administration labor, facilities cost/space and utilities, maintenance and license costs, other capital costs （ annualized） and data/cartridge media cost（annualized). The AMPAS report proposes that the cause for data disappearance is the obsolescence of storage media, the discontinuity of memory systems caused by changing file formats, human error, and malicious behavior. Uncertainty exists in long-term digital storage.
Conventional Study
With regard to long-term digital storage, public institutions such as the National Diet Library and the National Archives of Japan investigated the Digital Dilemma from the practical point of view of preserving book stock and administrative documents.
Sugimoto [2] indicates that long-term digital storage is difficult because of the differences between the period required to preserve data and the life span of hardware and software required for playback. E-governments and elocal governments must produce, dispatch, and use information resources to match the social infrastructure around us, and they are often required to adopt leadingedge information technology. Generally, digital document technology enables flexible and scalable environments for the use of documents, compared to paper document technology; however, digital document technology causes the long-term storage of such documents difficult.
Akimoto et al. [3] indicate that it is important to determine whether the environment required to playback content, namely playback equipment, the computer necessary to control said equipment, OS, and application programs, must be preserved for long-term digital storage. Akimoto et al. also indicate that it is extremely difficult to preserve the environment into the future because of the life span of hardware and software. Moreover, they report two methods. One is the migration of data in such a manner that the data are converted from the currentgeneration technical format to the next-generation format. The other method is the emulation of old-generation technical environments by programs (called emulators) that mimic old-generation OS or application software.
Tristram [4] proposes four methods for long-term digital storage: migration, emulation, encapsulation, and universal virtual computers. Cho et al. [5] indicate that traffic at the Internet Exchange Point has been increasing at a rate of 1.3 to 1.5 times per year. This pace is almost the same as the pace Moore [6, 7] predicted for the number of transistor components that would be added onto a single silicon chip: twice the current number every 1.5 to 2 years.
Features of this study
The following three points describe the features of this study. ① Derivation of optimal timing for the migration of memory media. ② Statistical derivation of evaluation items, for example, the cost of digital storage, the future of memory media, network externality, and purchase refrainment by the fluctuation in prices. ③ A grasp of individual migration policies provided by differences in the weights granted to evaluation items derived from the Analytic Hierarchy Process (AHP).
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Preconditions of this study
The preconditions of this paper are follows:
① Specific hardware and software are necessary to play back digital information. This paper focuses its attention on a migration of memory media as hardware, and does not focus on a migration of software. ② The memory medium for Japanese statistical data on which we could focus are among the memory media that existed since the 1980s, when personal computers started to become widespread in companies and universities. Especially, we focus on the removable medium which we intend to use for long-term digital storage. Therefore, this paper does not focus on media that require direct electric power (such as hard-disk drives and storage systems). Our target media are floppy disks, optical discs, and flash memory.
③ This paper focuses on users of memory media as the beneficiaries of long-term digital storage, and does not focus on suppliers. This paper assumes that users of memory media are the beneficiaries of long-term digital storage. This paper discusses such benefits from the position of the user, and does not discuss the benefits that the manufacturers or sellers of memory media might obtain. ④ This paper assumes that beneficiaries select their preferred utility for the memory medium, and that the utility changes over the course of time as beneficiaries intentionally opt for a different memory medium in which to maintain long-term digital storage. 
Methodologies

Flow
Fig. 2. Production quantity of memory media
【STEP 2】 Setting evaluation items This paper proposes the following four items as the evaluation items to which a beneficiary would refer at the time of selecting a memory medium. The term for setting items can be derived from Japanese statistical data.
① Cost of digital storage
This is the cost of memory media that is necessary for digital storage. The calculation method is "a cost of memory medium (per 1 MB) × an amount of data for storage (MB)". This paper assumes a floppy disk (1 MB), an optical disc （ 650 MB), and flash memory （ 16 GB ） regarding the capacity of a memory medium per unit.
② The future of a given memory medium This is an index that describes whether a given memory medium can be used over a long time in regard to a given time, or whether the medium becomes antiquated in a short time. This paper assumes a probability density function from a production quantity of memory media（floppy disks and optical discs） per year, and this paper multiplies the life expectancy of a given memory medium in view of a certain time by a probability density at the time. This paper proposes that the solution indicates the future of the given memory medium. The larger the value, the more reliable is the memory medium from a long-term useful standpoint. The life expectancy is defined as the years remaining until the storage medium is no longer used because of obsolescence from a certain time, and is not defined as the years remaining until the storage medium is damaged or becomes impossible to use because of deterioration of the storage data.
Fig. 3. The future of a given memory medium（floppy disk）
③ Network externality of a given memory medium Network externality is called economies of scale on the demand side.
Fig. 4. Network externality of memory medium（floppy disk）
Regarding technical system networks and service networks (for example, mobile phones, the internet, and personal computer OS), network externality is defined as the effectiveness with which the utility obtained by the consumption of goods and services increases as the scale of the network becomes larger. This paper finds a cumulative distribution function as the production quantity of a given memory medium （floppy disks and optical discs）per year. The paper sets an index of network externality for a memory 
④ Purchase refrainment by fluctuation in prices
Purchase refrainment occurs when the price of goods continuously decreases because consumers prefer to buy goods after their price has decreased as much as possible. Conversely, when the price of goods increases, purchase refrainment does not occur because consumers prefer to buy goods before the goods increase in price [9] . Consumer electrical appliances and IT appliances demonstrate this trend. This paper predicts the rate of decline for the unit price of a memory medium by the least-squares method, and the paper makes the predictive value a purchase refrainment index. The larger the index, the more frequently purchase refrainment by fluctuation in prices occurs.
【STEP 3】 Setting an amount of data for storage
To find the cost of digital storage as indicated in STEP 2, we must set an amount of data for storage. The data generated will be preserved or deleted later, generally. If a fixed rate of generated data is deleted, and the remaining data are preserved, the amount of data that is deleted and that which is preserved will increase at the same pace. The amount of data will increase dramatically depending on the richness of the content as the content is spread from a picture and two-dimensional content to video and three-dimensional content, even though the quantity conserved of previous text-based data is small. This paper sets 1997 as the base year in which the optical disc first appeared in the yearbook of machinery statistics, and sets the amount of storage data available in 1997 as 100 GB. The paper assumes that the incremental pace after a year is the same as the pace Moore [6, 7] predicted （ twice per 1.5 year ） for the number of transistor components that would be available on a single silicon chip.
An amount of data for storage = 100(GB) × 2 −13 1.5 ･････（1） where t is Term, and the paper sets 1997 as t = 13.
【STEP 4】 Quantification of evaluation items
This paper calculates an evaluation value for each memory medium by applying the data gathered in STEP 1 to the evaluation items in STEP 2.
A floppy disk and an optical disc are calculated at four evaluation values. However, flash memory is calculated at one evaluation value because it is difficult to predict the probability densities function given that a peak in the production quantity of flash memory was not yet reached by 2012. An approximate curve is assumed by the leastsquares method. All evaluation values are standardized.  A tendency curve is presumed by calculating the cost （yen） of digital storage every year from 2002 (t = 18) to 2012 (t = 28); it is assumed that an amount of data for storage as estimated in STEP 3 is preserved in an optical disc or flash memory in Fig. 11 .
② The future of a given memory medium  A probability density function is presumed by the production quantity of a floppy disk from 1985 (t = 1) to 2003 (t = 19). This paper multiplies the life expectancy of a floppy disk at a certain time by a probability density at the time, and defines the result as a function of the future of a floppy disk. The probability density function of a floppy disk is predicted by The beneficiaries of long-term digital storage are several, such as individuals, companies, governments, and a local governments. This paper predicts that the four evaluation items are different in the degree of importance depending on the position of the beneficiaries. In addition, this paper proposes a model by which the difference of importance of each evaluation item granted by each beneficiary can reflect the scale of utility (overall index). With regard to a method, this paper obtains the weights for every evaluation item through AHP. Fig. 9 shows the hierarchical structure. This paper sets weights with respect to three positions of beneficiaries as individuals, companies, and the public, by comparing a pair of evaluation items [10, 11] . This survey was conducted with persons who are working or who have worked in a company or for the public. 3･･･The Public ※When the cost of digital storage (i = 1) increases, the utility of the memory medium decreases. When the purchase refrainment by fluctuation in prices (i = 4) increases, the utility decreases. Therefore, when the value of i equals 1 or 4, we reverse the sign of x ijt from plus to minus, taking into account the impact on utility. ※We apply the weight of evaluation items derived from the AHP at the present time over the period. 【STEP 7】 Analysis of timed switch from a floppy disk to an optical disc This paper finds a timed switch from a floppy disk to an optical disc by the time-series that compares each utility (overall index) from 1997 (t = 13) to 2003 (t = 19), when the two media coexisted. All four evaluation items are used.
【STEP 8】 Analysis of timed switch from an optical disc to flash memory This paper finds a timed switch from an optical disc to flash memory by the time-series that compares each utility (overall index) from 2002 (t = 18) to 2012 (t = 28), when the two media coexisted. The cost of digital storage as an evaluation item is used. 
Analysis and results
The results of STEPs 5, 7, and 8 are shown below. Tables 2, 3 , and 4 show the weights of evaluation items by AHP for individuals, companies, and the public. Fig.  10, Fig. 11, and Fig. 12 shows the timed switch from a floppy disk to an optical disc, for each position. Fig. 13 shows the timed switch using the weights "all 0.25. " Fig.  14 shows the timed switch from an optical disc to flash memory from the position of individuals as beneficiaries. 
Considerations
① Timed switch from a floppy disk to an optical disc Fig. 10 shows that the utility of an optical disc became more significant than that of a floppy disk in 1999 using the overall index based on the weights by AHP from the position of individuals. Namely, if we evaluate from the cost of digital storage, the future of a given memory medium, the network externality of a given memory medium, and the purchase refrainment by fluctuation in prices comprehensively, Fig. 10 shows that it has been better to save data in an optical disc than to save data in a floppy disk since 1999. This result is based on the weights by AHP from the position of individuals. Fig. 11 and Fig. 12 are derived from the weights by AHP for each position of companies and the public. Fig. 11 (company position) shows that the timed switch from a floppy disk to an optical disc is 2000. Fig. 13 . The cost of digital storage and the future of a given memory medium allow the timed switch to occur sooner, whereas the network externality of a memory medium and the purchase refrainment by fluctuation in prices allow the timed switch to occur later. This indicates that an early switch is profitable for beneficiaries who focus on the cost of digital storage, whereas a later switch is profitable for beneficiaries who focus on the network externality, such as high public responsibility. In the case of the public that provides services to citizens, such as city offices, using a means that is widely prevalent in society leads to service quality maintenance when the public exchanges information with citizens. Namely, using a popular storage medium that is widely prevalent in society is better than using an innovative storage medium, and switching media after waiting for said medium to become widespread is recommended. On the other hand, when a company chooses a storage medium that is used only within the company, attention is required to optimize profit in only the one company. This means that the company's cost calculation of the digital storage is better than focusing on the network externality of an entire society. The proposal model of this research reflects the difference of such a beneficiary's position. ② Timed switch from an optical disc to flash memory This paper predicts the timed switch from the viewpoint of the cost of digital storage. Fig. 14 shows that the utility of flash memory exceeded that of the optical disc in 2004. We obtained a result that flash memory, as digital storage, has been better than optical discs since 2004. Therefore, if we follow the economic rationality, preservation to flash memory will be recommended as of 2013. Flash memory has not reached the peak of its production quantity, yet. Though 11 years have passed since 2002, when flash memory appeared in statistical data for the first time, a more powerful alternative medium has not appeared, yet. It seems quite unreasonable to assume a probability density function from the present production quantity, because such production quantity has not reached its peak, yet. Therefore, the function is not assumed. However, this paper estimates that flash memory will be the leading role in storage media for the next few years because the risk of its disappearance at an early stage is minimal given its presently sufficient spread, production quantity has not reached This paper focuses on two kinds of media that exist at the same period and compares each utility. If we can obtain comparable data for more than three kinds of media, we can select the optimum medium by comparing the utilities based on the same procedure as that used for two cases. This paper proposes a universal model. Concerning cloud storage, the use of which is spreading, we think that the evaluation items proposed in this paper are useful to decision making wherein the cloud provider invests in a proper memory medium. Cloud storage use will most likely increase in the future. Incorrect estimates of storage capacity, investment, and failures in data storage will not only hurt the management of cloud providers but also cause great social losses. It may be better for the issue of cloud storage to consider the problem of memory media as a social system, rather than an individual problem. From this point of view, the concepts in this paper will be increasingly important.
Conclusion
Long-term digital storage research has not been studied systematically. This study focused on memory media and estimated migration timing by proposing four evaluation items called cost of digital storage, the future of a given memory medium, network externality of a given memory medium, and purchase refrainment by fluctuation in prices. The timed switch from the present position to the next position depends on the beneficiaries, and the proposed model reflects their position from the statistical data of floppy disks, optical discs, and flash memory by the quantitative approach. This paper determined the efficient timed switch from an old medium to a new medium by using proposed method.
